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TIMING ADJUSTMENT OF CLOCK SIGNALS IN A DIGITAL CIRCUIT 

Background Of The Invention 

' 1 . Field of Invention 
5 The present invention relates to a single or a plurality of digital systems 

operating synchronously with a single or a plurality of clock signals, a method for 
adjusting in timing the clock signals of such a digital system, and a recording 
medium having a processing program recorded on it, the processing program being 
executed in the adjusting method. 
10 Particularly, the present invention is very effective in case that the 

number of digital circuit elements being components of a digital system or in case 
that the frequency of a clock signal is high. 
2. Description of Related Art 

A digital system is ordinarily composed of logic elements of three kinds 
15 which are an AND element, an OR element and a NOT element, and a memory 
element called a flip-flop to memorize either of the two states (1 bit) of true (logic 
value "1") and false (logic value "0"). 

The most basic flip-flop is composed of three terminals of one input 
terminal, one output terminal and a clock terminal, and has a function which copies a 
20 digital signal of the input terminal to the output terminal at rising of a digital signal 
called a clock signal applied to the clock terminal and holds this digital signal until 
rising of the next clock signal. 

Generally, a digital system operating according to a finite number of 
clock signals is called a synchronous circuit, in which the time difference between 
25 clock signals reaching the clock terminals of the respective flip-flops has an influence 
upon operation of the whole system. Generally, a signal line to supply a clock signal 
to each flip-flop often has a buffer inserted in the course of it or adopts a special 
circuit contrived in physical wiring, which is called a clock circuit here. 

For example, while a time difference of Ins is a difference of 1 % in case 
30 of a clock frequency of 10 MHz, namely, in case of a clock cycle of 100 ns, the same 
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time difference of 1 ns is a difference of 10 % in case of a clock frequency of 
100 MHz, namely, in case of a clock cycle of 10 ns and needs to be compensated. In 
short, the higher a clock frequency is, the more accurate a timing adjusting technique 
needs to be. 

5 A conventional countermeasure to counter a clock timing error in a 

digital system includes such two ways as; 

(1) a countermeasure technique in which a designer performs a manual adjustment so 
as to make a clock timing error as small as possible at the time of designing a 
digital system, and 

10 (2) a countermeasure technique of providing an adjusting circuit compensating for a 
clock timing error in a clock circuit in a digital system. 

However, countermeasure (1) cannot solve the following problems. That 
is to say, electronic circuit elements such as a transistor, a resistor and a capacitor 
vary respectively in characteristic, and variation of the respective elements is not 

15 apparent until a system is actually formed. This is a characteristic particularly 

remarkably appearing in elements in an integrated circuit. It is a clock timing that is 
most influenced by this variation, which determines the upper limit of the operating 
frequency of a digital synchronous system. 

In such a way, since variation in these elements cannot be completely 

20 grasped at the time of design of a digital system, a technique has been taken which 
designs and manufactures it allowing a certain range of variation or which measures 
an actual degree of variation by repeating its trial manufacture. However, this 
technique has apparently a limit and has not been able to utilize the characteristic of 
each element to its limit. 

25 As another problem, a manual adjustment has a limit in scale of a hand- 

leable circuit, and has not been able to adjust the whole of a large-scale digital system 
such as a computer system as a practical problem. And a technique of separating a 
large-scale problem into partial problems, the technique being a familiar method in 
handling a large-scale problem is not preferable due to limiting a range of 

30 adjustment. 
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A problem in countermeasure (2) is that although an adjusting circuit is 
inserted, with the increase of a circuit scale the adjusting and search space becomes 
more extensive and results in making it impossible to perform adjustment within a 
practical time. On the other hand, an adjusting circuit which can perform adjustment 
5 within a practical time can adjust only a small part of a digital system and its effect is 
extremely limited. 

In case that the above-mentioned digital system is made as an integrated 
circuit, it is further characterized by the following two points. 

The first point is that the interior of an integrated circuit cannot be 
10 modified and must be all determined at design. Thereupon, a technique of inserting 
an adjusting circuit is taken, but since the adjusting and search space becomes very 
extensive, it is impossible to perform adjustment in consideration of operation of the 
whole circuit. If a new technique of the present invention as described later is not 
used, it is impossible to perform a timing adjustment in consideration of operation of 
15 the whole circuit after the integrated circuit chip has been manufactured. 

The second point is that elements in an integrated circuit chip are large in 
variation and variation in parameters (the values of a resistor, a capacitor, etc. and 
characteristics of a transistor) of the internal elements becomes apparent only after 
the integrated circuit chip has been manufactured. Therefore, the variation in them 
20 has a large influence upon a clock timing, and such a new technique as the present 
invention described later is indispensable in case of requiring accurate element 
parameter values in order to utilize characteristics of the elements to their limits. 

In a case that a digital system is an ordinary hardware design data library 
or a hardware design data library which is considered as an object of intellectual 
25 property rights, called IP, and is intended to be used by a third party, its functions and 
interface requirements are publicly disclosed, but more detailed information than an 
equivalent circuit related to its internal structure may not be publicly disclosed. 

In a case of using such IP in an integrated circuit having a high clock 
frequency, an accurate timing adjustment reaching the interior being treated as an 
30 object of the IP is indispensable. However, since the interior is often a black box due 
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to IP rights as described above, in order to manufacture an integrated circuit 
operating at a high clock frequency while keeping such rights, it is necessary to 
provide a clock circuit to generate data of the optimum input and output timing for 
each IP at an external circuit side. However, since even if the same IP is used, the 
5 optimum input/output timing varies in each chip, the prior technique has been unable 
to manufacture such an integrated circuit. 

Additionally, most of the present digital systems use a CMOS technology 
and in case that a digital system is formed using a CMOS technology, most of a 
power source current flows when each digital signal changes (from logic value "0" to 
10 logic value "1" or from logic value "1" to logic value "0"). 

If a number of digital signals change at the same time, therefore, a large 
power source current flows instantaneously and insufficiency of the power capacity 
makes a power source voltage change and, in its turn, may cause an erroneous 
operation. 

15 Furthermore, in comparison with a case where a small current flows 

continuously, when a large current flows instantaneously, the power consumption is 
made larger and a larger-capacity power source and power feeding lines need to be 
prepared and these result in making a digital system larger in size. 

To decrease an influence of the simultaneous change of digital signals 

20 can be attained by finely adjusting the respective signals in timing, namely, the 
respective flip-flops in timing within a range where the whole system operates 
correctly, but a conventional technique has been unable to perform such an accurate 
timing adjustment in consideration of operation of the whole system. 

Additionally, an unwanted electromagnetic emission (EMI) generated 

25 from a digital system, which has such an influence as making another digital system 
around it erroneously operate, should be suppressed. This problem is particularly 
serious in case that a digital system is packaged as a circuit board, and is regulated by 
various laws of various countries. The EMI is generated when a digital signal 
changes (from logic value "0" to logic value "1" or from logic value "1" to logic 



value "0"), and an EMI having a large peak power is generated when a number of 
digital signals change all at once. 

As one way for suppressing this, there is a method of reducing the 
number of digital signals changing at the same time, namely, the number of flip-flops 
changing at the same time, but it has been impossible to accurately adjust in timing 
the flip-flops of the whole digital system within a range where the whole digital 
system correctly operates at a specified clock frequency by means of a conventional 
technique. 

Summary Of The Invention 
For such reasons a new method for automatically performing a clock 
signal timing adjustment for each digital system is needed particularly in a large-scale 
and high-speed system, and the present invention has been made in order to 
advantageously solving such problems. 

In order to attain the above-mentioned objects, a digital system of the 
present invention according to claim 1 is a digital system performing a specified 
function by performing a digital process according to a single clock signal or a 
plurality of clock signals, being provided with; 

a plurality of delay elements which are inserted respectively in a plurality of 
clock circuits supplying the clock signals in the digital system and each of which is 
composed of a circuit element changing its delay time according to a value indicated 
by a control signal, and 

a plurality of holding circuits for holding a plurality of control signals to be 
given to the plurality of delay elements, wherein; 

the plurality of holding circuits have the plurality of control signals obtained by 
changing the plurality of control signals which these holding circuits hold by means 
of an external device according to a probabilistic search technique so that the digital 
system operates correctly in relation to operation timing. 

Additionally, a method for adjusting a clock signal of a digital system 
according to claim 12 is a method for adjusting in timing a single clock signal or a 
plurality of clock signals of a digital system performing a specified function by 
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performing a digital process according to the single clock signal or the plurality of 
clock signals, the method comprising the steps of; 

inserting a plurality of delay elements respectively in a plurality of clock 
circuits supplying the clock signals in the digital system, 
5 forming the plurality of delay elements respectively out of circuit elements each 

changing its delay time according to a value indicated by a control signal, 

making a plurality of holding circuits provided in the digital system hold a 
plurality of control signals to be given to the plurality of delay elements, and 

changing the values of the plurality of control signals which the plurality of 
10 holding circuits hold by means of an external device according to a probabilistic 

search technique so that the digital system operates correctly in relation to operation 
timing. 

In such a digital system and in such a method for adjusting a clock signal 
of the digital system; 

15 a plurality of control signals which a plurality of holding circuits hold are 

respectively given to delay elements which are inserted respectively in a plurality of 
clock circuits supplying a single or a plurality of clock signals in a digital system and 
each of which is composed of a circuit element changing its delay time according to a 
value indicated by a control signal, and 

20 each delay element delays properly and supplies a clock signal to a basic circuit 

according to a value indicated by each of these control signals. Additionally, an 
external device changes the values of the plurality of control signals which the 
plurality of holding circuits hold according to a probabilistic search technique so that 
the digital system operates correctly in relation to operation timing, "Delay" in the 

25 present invention includes also negative delay, namely, advancing in addition to 
positive delay, namely, delaying. 

According to a digital system of the present invention and a method for 
adjusting a clock signal of the digital system of the present invention, in case that 
characteristics (delay characteristic and the like) of circuit elements associated with 

30 the specified function cannot be accurately grasped, or in case that some error occurs 



in characteristic of the circuit elements in a manufacturing process, or in case that 
non-uniformity in quality or error in design occurs in clock circuits, or even in case 
that a basic circuit in a digital system is made to be a black box like the above- 
mentioned IP and its composition is not clear, since it is possible to perform 
adjustment so that the digital system can correctly operate by absorbing a timing error 
of a clock signal, it is possible to obtain a higher performance related to the function 
than a prior art with a less design effort than the prior art, and obtain a larger-scale 
and higher-speed digital system than a digital system obtained by the prior art, and 
further prevent deterioration of the performance of the digital system caused by 
variation of the circuit elements and the like. 

Additionally, according to a digital system of the present invention and a 
method for adjusting a clock signal of the digital system of the present invention, 
since it is possible to accurately adjust in timing the flip-flops of the whole digital 
system and slightly shift the flip-flops in operation timing within a range where the 
whole digital system correctly operates, it is possible also to suppress the increase in 
size of the digital system due to the increase of power consumption and the 
occurrence of unwanted electromagnetic emission (EMI), caused by simultaneous 
change of digital signals. 

Hereupon, what degree a digital system correctly operates to can be 
represented by an evaluation function F having as parameters the delay values of all 
adjustable delay elements. To operate correctly a digital system is equivalent to 
finding a solution of the above-mentioned evaluation function F. The inventors of 
this application have found that a genetic algorithm can be applied to a clock timing 
adjustment of a digital system, paying their attention to this point. 

The genetic algorithm is one of probabilistic search techniques and an 
algorithm which (1) acts effectively in a wide-area search, (2) does not need 
derivative information such as differential values other than an evaluation function F, 
and (3) has an easy implementability. In the present invention, therefore, as 
described in claims 2 and 13, a genetic algorithm maybe used for changing a 
plurality of control signals by means of the above-mentioned external device. 
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Additionally, although a clock circuit is often implemented so as to have 
a tree structure, in addition to a method of arranging adjustable delay elements only 
at leaf parts of the tip of a tree structure as described above, namely, only at flip-flop 
parts, a method of arranging them also at branch points in the course of a tree 
5 structure is conceivable. In this case, an adjustable delay element arranged at a 
branch point functions so as to add a delay to adjustable delay elements existing 
ahead of this point and has a function of making smaller the delay elements being at 
the tip parts. Therefore, it has the possibility of making smaller the total size 
necessary for implementing adjustable delay elements. 

10 On the other hand, in recent years, a genetic programming obtained by 

applying a contrivance making it possible to handle a chromosome of a tree structure 
to a genetic algorithm has been also known. In the present invention, therefore, in a 
case that adjustable delay elements are arranged along a tree structure of signal lines 
of a clock in such a way, a genetic programming may be used for changing a plurality 

15 of control signals by means of the external device, as described in claims 3 and 14. 

Additionally, in the present invention, as described in claims 4 and 15, a 
control signal may be changed by the external device as raising the frequency of a 
clock signal in stages, and by doing so it is possible to operate a digital system at a 
higher clock frequency, in its turn, at a more high-speed operating state. 

20 Additionally, a digital system of the present invention according to claim 

5 is characterized by being provided with a setting device in the digital system itself 
instead of using an external device in the digital system according to claim 1. 
A method for adjusting a clock signal of a digital system of the present invention 
according to claim 16 is characterized by being provided with a setting device in the 

25 digital system itself instead of using an external device in a method for adjusting a 
clock signal of a digital system according to claim 12. 

According to such a digital system of the present invention and such a 
method for adjusting a clock signal of a digital system of the present invention, the 
same action and effect as the previous digital system and method for adjusting a 

30 clock signal of a digital system can be obtained. Furthermore, since a setting means 
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which the digital system itself has is used instead of an external device, further action 
and effect of making it possible to perform adjustment by a digital system itself at 
any time and at any place can be obtained. 

Also, in a digital system and a clock signal adjusting method of the 
5 present invention, as described in claims 6 and 17, a genetic algorithm may be used 
for changing a plurality of control signals by means of the external device. 

Also, in a digital system and a clock signal adjusting method of the 
present invention, as described in claims 7 and 18, a genetic programming may be 
used for changing a plurality of control signals by means of the external device. 

10 Furthermore, in a digital system and a clock signal adjusting method of 

the present invention, as described in claims 8 and 19, a control signal maybe 
changed by the setting means as raising the frequency of a clock signal in stages. 

Additionally, a digital system of the present invention and a digital 
system in a method for adjusting a clock signal of a digital system of the present 

15 invention as described above may be formed as an integrated circuit, as described in 
claims 9 and 20, and by doing so it is possible to optimally adjust a clock signal in an 
integrated circuit in which variation of circuit elements is not apparent until the 
integrated circuit is actually manufactured. 

Additionally, a digital system of the present invention and a digital 

20 system in a method for adjusting a clock signal of a digital system of the present 

invention as described above may have a pipeline structure, as described in claims 10 
and 21, and if doing so, since it is possible to perform adjustment in parts and in 
stages as utilizing a data dependent relation of a pipeline structure, it is possible to 
reduce an adjusting and search space and shorten an adjusting time. 

25 Furthermore, a digital system of the present invention and a digital 

system in a method for adjusting a clock signal of a digital system of the present 
invention as described above may be formed as a circuit board, as described in claims 
1 1 and 22, and if doing so, it is possible to absorb a slippage in clock timing caused 
by non-uniformity in constituent elements or constituent materials of a clock circuit 
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in a digital circuit board manufacturing process or errors in design and adjust the 
digital circuit board so that it performs no erroneous operation. 

Additionally, a digital system of the present invention as described above 
and the external device and the setting means in a method for adjusting a clock signal 
5 of a digital system of the present invention may be each composed of a computer 
such as a personal computer, a microcomputer or the like, as described in claims 23 
and 24, and if doing so, it is possible to easily and securely perform in a short time a 
process of changing the values of a plurality of control signals which a plurality of 
holding circuits hold according to a probabilistic search technique so that the digital 

10 system operates correctly in relation to operation timing. 

Furthermore, a recording medium of the present invention according to 
claim 25 is characterized by having a processing program recorded on it, which 
processing program is executed by an electronic computer and changes the values of 
a plurality of control signals which a plurality of holding circuits hold according to a 

15 probabilistic search technique so that a digital system operates correctly in relation to 
operation timing in a method for adjusting a clock signal of a digital system as 
described in claim 23 or 24. 

According to such a recording medium, it is possible to record and store a 
processing program to be executed by an electronic computer for a digital system of 

20 the present invention and for a method for adjusting a clock signal of a digital system 
of the present invention and adjust a clock signal at an arbitrary place. As such a 
recording medium, a data recording medium such as a hard disk, a CD-ROM, an 
optical disk and the like, and a memory element such as a ROM, a RAM and the like 
can be used in addition to a flexible disk. 

25 Brief Description of the Drawings 

Figure 1 is a composition diagram schematically showing a first 
embodiment of a digital system of the present invention applied to a general digital 
system. 

Figure 2 is an explanatory diagram showing influence of adjustment of 
30 delay setting values of delay elements in a digital system. 



- 11 - 



Figure 3 is a circuit diagram showing a composition example of an 
adjustable delay element capable of being used in the embodiment. 

Figure 4 is an explanatory diagram showing the waveforms of an input 
signal to a NOT element and an output signal from a NOT element in the circuit 
5 shown in Figure 3. 

Figure 5 is a circuit diagram showing another composition example of an 
adjustable delay element capable of being used in the embodiment. 

Figure 6 is a circuit diagram showing a further other composition 
example of an adjustable delay element capable of being used in the embodiment. 
10 Figure 7 is a circuit diagram showing a further other composition 

example of an adjustable delay element capable of being used in the embodiment. 

Figure 8 is a circuit diagram showing a further other composition 
example of an adjustable delay element capable of being used in the embodiment. 

Figure 9 is a circuit diagram showing a further other composition 
15 example of an adjustable delay element capable of being used in the embodiment. 

Figure 10 is a circuit diagram showing an example of a composition 
containing an adjustable delay element and the lowest bit of a register in the 
embodiment. 

Figure 1 1 is a circuit diagram showing another example of a composition 
20 containing an adjustable delay element and the lowest bit of a register in the 
embodiment. 

Figure 12 is a composition diagram showing a composition example of 
an adjustable delay element which can be used in the embodiment and generates 
positive and negative delays. 
25 Figure 13 is a flowchart roughly showing the processing procedure of the 

first embodiment of a clock signal adjusting method of a digital system of the present 
invention. 

Figure 14 is a flowchart roughly showing the procedure of a general 
genetic algorithm. 
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Figure 15 is an explanatory diagram exemplifying a chromosome used in 
a genetic algorithm. 

Figure 16 is a flowchart showing the processing procedure of an 
adjusting device using a genetic algorithm in the method of the embodiment. 
5 Figure 17 is an explanatory diagram showing a chromosome used in a 

genetic algorithm in the method of the embodiment and register values and delay 
values determined from the chromosome. 

Figure 18 is a flowchart showing the procedure of a selection process 
performed by a genetic algorithm in the method of the embodiment. 
10 Figure 19 is an explanatory diagram showing the procedure of a 

crossover process performed by a genetic algorithm in the method of the 
embodiment. 

Figure 20 is an explanatory diagram showing the procedure of a mutation 
process performed by a genetic algorithm in the method of the embodiment. 
15 Figure 21 is a flowchart showing the procedure in case of performing 

adjustment as raising an operating frequency in stages in the method of the 
embodiment. 

Figure 22 is a composition diagram schematically showing a variation 
example of the embodiment. 
20 Figure 23 is a composition diagram showing a composition example of 

an adjusting device in the embodiment. 

Figure 24 is a composition diagram showing a composition example of a 
digital signal observing device in the embodiment. 

Figure 25 is a composition diagram showing a composition example of a 
25 digital test signal generating device in the embodiment. 

Figure 26 is a composition diagram showing a composition example of 
an adjustable delay element in the circuit shown in Figure 12. 

Figure 27 is a composition diagram schematically showing a memory test 
pattern generator circuit as a second embodiment of a digital system of the present 
30 invention. 
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Figure 28 is a graph showing the relation between fitness and the number 
of generations under experiment in the embodiment. 

Figure 29 is a composition diagram schematically showing a variation 
example of the embodiment. 
5 Figure 30 is a composition diagram schematically showing a digital 

system having a pipeline structure as a third embodiment of a digital system of the 
present invention. 

Figure 3 1 is a flowchart roughly showing the processing procedure of the 
third embodiment of a clock signal adjusting method of a digital system of the 
10 present invention. 

Figure 32 is a composition diagram schematically showing a digital 
circuit board as a fourth embodiment of a digital system of the present invention. 

Figure 33 is a composition diagram schematically showing a fifth 
embodiment of a digital system of the present invention. 
15 Figure 34 is an explanatory diagram showing a chromosome used in a 

genetic programming in the method of the embodiment and register values and delay 
values determined from the chromosome. 

Figure 35 is an explanatory diagram showing the procedure of a 
crossover process performed by a genetic programming in the method of the 
20 embodiment. 

Figure 36 is an explanatory diagram showing the procedure of a mutation 
process performed by a genetic programming in the method of the embodiment. 
Detailed Description Of Preferred Embodiments 
Embodiments of the present invention are described in detail with 
25 reference to the drawings using examples in the following. 

The present invention can be applied to various digital systems each of 
which operates using a single or a plurality of clock signals. That is to say, according 
to the present invention, it is possible to adjust a clock signal by providing a plurality 
of adjusting points for timing in a clock circuit of a digital system to be adjusted. 
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In the first embodiment described below, a case where the present 
invention is generally applied to a digital system which operates using a single or a 
plurality of clock signals is described. 

Hereupon, Figure 1 is a composition diagram showing schematically a 
5 first embodiment of a digital system of the present invention applied to a general 
digital system. 

Since a failure caused by a timing error of a clock signal in a digital 
system makes long a design process of the digital system and limits the usable 
performances of elements forming the digital system, it limits the performance of the 
1 0 digital system itself and prevents the cost reduction. 

Therefore, a clock signal adjusting method of the present invention for 
performing a timing adjustment of a clock signal for each of individual digital 
systems is indispensable. 

In Figure 1, symbol 1 represents a digital system which, for example, 
15 forms a microcomputer and the like, and performs a specified function such as data 
processing and the like on the basis of a given program, 2 represents a flip-flop which 
needs a timing adjustment of a clock signal, and 3 represents a flip-flop which needs 
no timing adjustment. And 4 represents an adjustable delay element capable of 
changing a clock in timing according to the value of a register and 5 represents a 
20 register holding a delay setting value for 4. 

The delay element 4 is inserted between the clock terminal of the flip- 
flop 2 and a clock circuit supplying a clock signal to the clock terminal. And the 
register 5 is connected to the delay element 4 and changes the delay value of the 
delay element 4. 

25 The flip-flop 2 to be adjusted and the flip-flop 3 not to be adjusted 

(needing no adjustment) each are components of the digital system 1. 

In Figure 1, symbol 5 is the register for holding the setting value of the 
adjustable delay element 4, symbol 7 is an observing device for observing digital 
output signals of the digital system 1 and the internal state of the digital system 1, and 
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8 is a device for generating a test signal and a clock signal for adjusting the digital 
system 1 according to a method of the present invention. 

The register 5 is a storage circuit composed of a general D flip-flop, T 
flip-flop, SR flip-flop or JK flip-flop, or a register circuit, a memory element storing 
a state according to a clock signal, a loop-shaped combination circuit or the like . 

Additionally, symbol 6 is an adjusting device which is connected to the 
digital signal generating device, makes the digital signal generating device 8 start 
generating a signal to the digital system 1, and at the same time, is connected to the 
digital test signal observing device 7 and makes the digital test signal observing 
device 7 observe an output signal 11 of the digital system 1 and a digital system 
internal state signal 12 showing the internal state of the digital system 1, as described 
later. 

This adjusting device 6 computes the delay time of the adjustable delay 
element 4 according to an adjusting method of the present invention, and writes the 
delay setting value into the register 5. 

In this embodiment, the adjusting device 6, the digital signal observing 
device 7 and the digital test signal generating device 8 each are an external device. 

The digital system 1 in this embodiment may be formed as an integrated 
circuit or may be formed as a circuit board. 

Further, the digital system 1 in this embodiment may be formed as a 
single system or may be composed of a plurality of systems. 

Furthermore, the digital system 1 in this embodiment may be composed 
of a plurality of systems and include a communication path inside it, or may be 
formed as a single system and include a bus-shaped communication path inside it. 

Furthermore, the digital system 1 in this embodiment may be formed as a 
multi-chip module or a hybrid integrated circuit. 

Still further, the digital system 1 in this embodiment may be formed as a 
hardware design data library or a hardware library which is treated as an object of IP 
(Intellectual Property) and is intended to be used by a third party. 



- 16- 



The flip-flop 2 to be adjusted and the flip-flop 3 not to be adjusted each 
are a storage circuit composed of a general D flip-flop, T flip-flop, SR flip-flop or JK 
flip-flop, or a register circuit, a memory element storing a state according to a clock 
signal, a loop-shaped combination circuit or the like, and function as a component of 
5 the digital system 1 . 

That is to say, in the digital system 1, the flip-flop 2 to be adjusted and 
the flip-flop 3 not to be adjusted are properly connected to a combination circuit 
inside the digital system 1 and store the internal state according to the clock signal. 

In the above-mentioned system, the flip-flop 2 to be adjusted is a flip-flop 
10 to be adjusted by the method of the present invention, and the flip-flop 3 not to be 
adjusted is a flip-flop not to be adjusted by the method of the present invention, and 
the method does not care whether they are adjusted by another method, for example, 
a conventional technique such as a timing adjustment based on a simulation result or 
the like at design of the digital system 1, a timing adjustment based on an 
15 experimental manufacture result, a timing adjustment by inserting a fixed value delay 
element into a data path or a clock circuit or the like. 

The clock delay time of the flip-flop 2 to be adjusted is a delay time 
added by the adjustable delay element 4 inserted between the clock terminal of the 
flip-flop 2 and a clock circuit, and a clock signal supplied to the clock terminal of the 
20 flip-flop 2 to be adjusted is delayed in timing by its delay time in comparison with 
the case where the adjustable delay element 4 is not inserted. 

The digital system 1 to be an object of adjustment is provided with the 
flip-flop 2 to be adjusted and the flip-flop 3 not to be adjusted as described above, 
and this embodiment makes the digital system 1 correctly operate by finely adjusting 
25 the delay time of the flip-flop 2 to be adjusted, namely, the delay setting value of the 
adjustable delay element 4 connected to the clock terminal of the flip-flop 2 to be 
adjusted after the digital system 1 has been manufactured. 

By the way, generally the delay setting values of the adjustable delay 
elements 4 have an influence upon each other. 
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As shown in Figure 2, to adjust the delay setting value of a delay element 
4A connected to a flip-flop 2A to be adjusted has an influence upon other flip-flops 2 
to be adjusted which are each connected to the input/output terminal of this flip-flop 
2A with only a combination circuit 20 between them. 
5 In many cases like such a way, an adjusting and search space results in 

generating a combinatorial explosion. Therefore, an adjusting technique described 
later using a probabilistic search technique including a genetic algorithm based on the 
present invention is very effective. 

In this embodiment, the delay setting value of the adjustable delay 
10 element 4 connected to the clock terminal of a flip-flop 2 to be adjusted is adjusted so 
that the digital system 1 correctly operates. 

A composition example of the adjusting device 6 is shown in Figure 23. 
In Figure 23, symbol 6A is an adjusting algorithm executing device for executing an 
adjusting procedure according to a method of the present invention, and 6B is a delay 
15 setting device for writing a delay setting value into the register 5 of the digital system 
1. 

In adjustment in this embodiment, the delay setting device 6B sets a delay 
setting value computed by the adjusting algorithm executing device 6A into the 
register 5 of the digital system 1 through a delay setting signal 93. The delay setting 

20 signal 93 is a digital value having the same bit width as that of the register 5, and 
controls the delay time generated by the adjustable delay element 4. 

The adjusting algorithm executing device 6 A searches the optimum value 
as a delay setting value of the register 5 according to a genetic algorithm. The 
adjusting device 6 may be concretely composed of an electronic computer such as a 

25 personal computer, a microcomputer or the like, and may be also composed of a 
programmable LSI disclosed in Japanese Patent Laid-Open Publication No.Hei 9- 
294,069 or a circuit disclosed in a paper entitled "Implementation of a Structure 
Learning Circuit of a Neural Network by GA" by Kajitani et aL, (The Journal of the 
Japanese Neural Network Society, Vol.5, No,4, pp.145-153, 1998). 
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In the electronic computer, a program for implementing a function of the 
adjusting algorithm executing device 6A is stored in a recording medium such as a 
hard disk, a ROM (read only memory), a flash memory, an optical disk, a magneto- 
optical disk, a magnetic disk or the like. 
5 In Figure 1, symbol 9 is a clock signal generated by the digital test signal 

generating device 8 and symbol 10 is a test signal generated by the digital test signal 
generating device 8, and these signals are inputted into the digital system 1. 

In the same figure, symbol 1 1 is a digital output signal outputted by the 
digital system 1, symbol 12 is a digital system internal state signal obtained by taking 
10 the outputs of some or all flip-flops, and these signals are inputted into the digital 
signal observing device 7. Depending on the structure of a digital system 1, the 
digital system 1 may be adjusted according to a method of the present invention 
without using a digital system internal state signal 12. 

A composition example of the digital signal observing device 7 is shown 
15 in Figure 24. The digital signal observing device 7 is composed of only a logic 

analyzer 7A. A logic analyzer is generally a measuring device for observing digital 
signals in a digital system. 

The logic analyzer 7A and the digital system 1 are connected to each 
other through a measuring probe of the logic analyzer 7 A, and the logic analyzer 7 A 
20 and the adjusting device 6 are connected to each other through a GP-IB interface 7G. 
Signals sent from the digital system 1 through the measuring probe to the logic 
analyzer 7A are the digital output signal 1 1 and the digital system internal state signal 
12. 

The digital signal observing device 7 may be composed of a dedicated 
25 circuit and may be built in the digital system 1 . 

The logic analyzer 7A is made to store the values of the digital output 
signal 1 1 and the digital system internal state signal 12 in it in case that the digital 
system 1 has correctly operated and is made to compare them with output of the 
digital system 1 and compute an evaluation value. 
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Or the values of the digital output signal 1 1 and the digital system 
internal state signal 12 in case that the digital system 1 has correctly operated may be 
made to be stored in the adjusting device 6, and the values of the digital output signal 
1 1 and the digital system internal state signal 12 from the digital system 1 may be 
5 sent to the adjusting device 6 as they are and an evaluation value may be computed 
by the adjusting device 6. 

A composition example of the digital test signal generating device 8 is 
shown in Figure 25. The digital test signal generating device 8 is composed of only a 
digital signal generator 8A. 

10 The digital signal generator 8 A and the digital system 1 are connected to 

each other through a probe of the digital signal generator 8 A, and the digital signal 
generator 8A and the adjusting device 6 are connected to each other through a GP-IB 
interface 8G. Signals sent from the digital signal generator 8A through the probe to 
the digital system 1 are a clock signal 9 and a test signal 10. 

15 The digital signal generator 8 A holds a data pattern of a digital signal to 

be outputted in its internal memory, and outputs it to the digital system 1 as a digital 
test signal 10 synchronously with a clock signal 9 having a specified frequency. 

The digital test signal generating device 8 may be composed of a 
dedicated circuit and may be built in the digital system 1. 

20 The present invention is particularly effective in case that the total 

number of adjusting points of flip-flops 2 to be adjusted in a digital system 1 is plural 
and, in adjusting points of the delay elements 2 as illustrated in Figure 2, the 
adjustment of a certain adjustment spot 2A has an influence upon the results of 
adjustment of a number of other adjusting points and causes a combinatorial 

25 explosion in an adjusting and search space. 

The digital system 1 of the present invention is greatly characterized by a 
fact that it uses a plurality of the flip-flops 2 to be adjusted whose clock terminals 
each are connected to the delay element 4 being capable of being adjusted in delay 
time according to setting from an external device, searches the optimum delay value 
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by means of a probabilistic search algorithm executed by an adjusting device 6, and 
does not directly measure the delay time error itself of a clock signal. 

A composition example in case of changing a delay time (signal 
transmission timing) by means of the adjustable delay element 4 is shown in 
5 Figure 3. This is a circuit in which Tr9 and TrlO each being a p-channel FET, and 
Trl 1 and Trl2 each being an n-channel FET are connected in series with one another, 
and TrlO and Trl 1 function as NOT elements. At this time, since the current value 
of the circuit is changed according to the resistance values of Tr9 and Trl 2, the time 
for charging and discharging the stray capacity (parasitic capacity) and the load 
10 capacity is changed. Figure 4 shows the waveforms of an input signal (input clock 
signal) to the NOT elements and an output signal (output clock signal) from the NOT 
elements. A delay time of TA can be adjusted by a control signal voltage inputted to 
T27 and a delay time of TB can be adjusted by a control signal voltage inputted to 
T26. 

15 In case that it is enough to adjust in delay time either of the rise time and 

the fall time of a clock signal, one of the Tr9 and Trl 2 can be omitted. 

Other composition examples in case of changing a delay time (signal 
transmission timing) by means of the adjustable delay element 4 are shown in Figures 
5 to 8. 

20 As shown in Figure 5, it is possible to generate a delay time of 2 DNs by 

arranging in cascade two NOT elements Dl each having a unit delay DN. 

As shown in Figure 6, it is possible to generate a delay time of 4 DNs by 
arranging in cascade four NOT elements each having a unit delay DN. 

In the same way, it is possible to generate a delay time of "2n x DN" by 
25 arranging in cascade NOT elements of 2n in number each having a unit delay DN. 

If a NOT element D2 is composed of transistors larger in size, the 
parasitic capacity of a transistor is increased and a longer delay is generated, and it is 
possible to change a delay time without increasing the number of elements, as shown 
in Figure 7. 
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On the other hand, as shown in Figure 8, a delay circuit can be formed 
also by forming an integrating circuit using a resistor R and a capacitor C and 
shaping the output of the circuit in waveform by means of a Schmitt trigger element 
S and the like. This composition can generate a delay in proportion to the product of 
5 the values of the resistor R and the capacitor C. 

Further, a long wiring can be used as a delay element utilizing a delay 
caused by the wiring itself, and in this case a delay being proportional to the length of 
a wiring can be generated. 

For example, in Figure 9, a wiring LA of LLA in length shown at the 
10 upper side of the figure generates a delay of LLA/LLB times in comparison with a 
wiring LB of LLB in length having the same width and same material as the wiring 
LA. 

Any of the above-mentioned delay elements has a function of only 
delaying a clock signal, but it is possible also to generate such a negative delay that 
15 advances a clock signal by using a PLL (phase locked loop) circuit or a DLL (delay 
locked loop) circuit. 

Figure 12 shows a composition example of an adjustable delay circuit for 
generating delay in both of the positive and negative directions. 

In Figure 12, symbol 94 is a PLL circuit as described above, 4 is an 
20 adjustable delay circuit described later, as shown in Figure 26. In case that the PLL 
circuit 94 has a function of advancing a clock by 8 DTs and the adjustable delay 
circuit 4 has a function of generating a delay of 0 DT to 15 DTs, this circuit can 
generate a delay of -8 DTs to 7 DTs as a whole. 

The adjustable delay element 4 can be composed also by combining the 
25 plurality of delay elements. 

Figure 26 is a composition diagram illustrating the composition of the 
adjustable delay element 4, and this example adjustable delay element 4 corresponds 
to a case that a register 5 in Figure 1 holds data of 4 bits. 

In this adjustable delay element 4, the bits of a register value held by the 
30 register 5 correspond respectively to switch circuits Swl to Sw4 through a switch 
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driving circuit not illustrated and the respective switch circuits Swl to Sw4 are 
operated according to the register value, and a delayed clock signal generated as the 
result is applied to the clock terminal of the flip-flop 2 to be adjusted. 

That is to say, the adjustable delay element 4 shown in Figure 26 is 
5 composed of delay elements UD1 to UD4 respectively generating fixed delay times 
being different in length from one another, and switch circuits Swl to Sw4 for using 
selectively these delay elements UD1 to UD4. 

Here, the delay elements UD1 to UD4 and the switch circuits Swl to 
Sw4 corresponding to the respective delay elements UD1 to UD4 are alternately 

10 connected in cascade between the clock input from a clock circuit and the clock 
terminal of the flip-flop 2 to be adjusted. Thereby a delay time generated by the 
delay elements is added to a clock signal and a clock signal being later in timing by 
the generated delay time than the original clock signal can be supplied to the clock 
terminal of the flip-flop 2 to be adjusted. 

15 Hereupon, the delay element UD1 generates a delay time determined in 

length by design. Additionally, the delay element UD2 generates a delay time being 
twice that of the delay element UD1 and in the same way, the delay element UD3 
generates a delay time being 4 times that of the delay element UD1, and the delay 
element UD4 generates a delay time being 8 times that of the delay element UD1 . 

20 For example, the delay element UD1 can be formed as shown in Figure 5, the delay 
element UD2 can be formed as shown in Figure 6, and similarly, UD3 can be formed 
by connecting eight NOT elements Dl of Figure 5 in cascade and UD4 can be 
formed by connecting sixteen NOT elements Dl of Figure 5 in cascade. 

The switch circuits Swl to Sw4 corresponding to these delay circuits 

25 UD1 to UD4 are on-off controlled on the basis of the register value of the register 5, 
and when a certain bit out of 4 bits of a register value is "1", a switch circuit 
corresponding to this bit falls to the delay element side and a delay time generated by 
the corresponding delay element is added to a clock signal. When a certain bit out of 
4 bits of a register value is "0", a switch circuit corresponding to this bit falls to the 



-23- 



bypass side, a corresponding delay element is skipped and a delay time generated by 

the corresponding delay element is not added to a clock signal. 

Accordingly, since the delay times generated by the delay elements UD1 

to UD4 being respectively set at 1 DT, 2 DTs, 4 DTs and 8 DTs can be added to a 
5 clock signal, the delay element 4 can adjust a delay time to be added to a clock signal 

within a range of 0 to 15 DTs in delay time according to combination of the states of 

the switch circuits. 

Figure 10 shows a composition example including an adjustable delay 

element 4 and the lowest bit 5 A of the register 5. 
10 In Figure 10, symbol Dl is a NOT element, Dl 1 is an AND element, D12 

is an OR element, UD1 is a unit delay circuit, 5 A is the lowest bit (1 bit portion) of a 

register 5, and D15 is a clock input from a clock circuit. A clock output D16 is 

inputted to the clock terminal of a flip-flop to be adjusted. D17 is a delay setting 

value input to the register 5 A and D18 is a signal to be written to the register 5 A, and 
15 a signal obtained by adding up these for all bits of each register 5 and for all the 

registers is a delay setting signal 93. 

A switch in this case is a basic selector circuit using AND elements Dl 1 

and the OR element D12, and a delay element UD1 for generating a delay DT is 

inserted into the output of one AND element Dl 1 and the output of the other AND 
20 element Dl 1 skips the delay element UD1 by being connected directly to the OR 

element D12. 

That is to say, when the output of the register 5 A is logic value "1", the 
AND element Dl 1 at the delay element UD1 side works to generate a delay DT, and 
when the output of the register 5A is logic value "0", the AND element Dl 1 at the 
25 side where the delay element UD1 is skipped works to generate no delay. 

Figure 1 1 shows another composition example including an adjustable 
delay element 4 and one bit A5 portion of a register 5. 

This composition example is composed of a transfer gate element D20 
and a buffer D19. The function of the transfer gate element D20 is a switch itself, 
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and has the same function as the case where the AND elements and OR element are 
combined. 

Circuits of Figures 10 and 1 1 are implementation examples in relation to 
the lowest bit, and an implementation example in relation to the second bit, third bit 
5 or the fourth bit starting from the lowest bit can be obtained by using UD2, UD3 or 
UD4 as a unit delay circuit. 

It is a matter of course that other digital circuits having the same function 
as these composition examples can be easily formed and can be used instead in the 
above-mentioned embodiment. 
10 A digital system internal state signal 12 is composed of the outputs of all 

or some of flip-flops 2 to be adjusted and flip-flops 3 not to be adjusted in a digital 
system 1 and is inputted into a digital signal observing device 7. 

In order to input a digital system internal state signal 12 into the digital 
signal observing device 7, it is enough for example to prepare the outputs of those 
15 flip-flops as the output terminals of the digital system 1 and connect them to the 
digital signal observing device 7. 

In case that the number of bits of a digital system internal state signal 12 
is large, a method of dividing the outputs of the above-mentioned flip-flops into a 
plurality of groups and inputting them into a selector circuit, and applying repeatedly 
20 the same test signal 10 as changing over the groups to be outputted from the digital 
system 1 may be adopted. 

Or a method which makes a digital system 1 have a scan pass circuit built 
in it, stops a test signal 10 and a clock signal 9 in the course of operation, and takes 
out a digital system internal state of the digital system 1 at that point of time using 
25 the scan pass circuit and delivers it to the digital signal observing device 7 may be 
adopted. 

A scan pass circuit in this case is a circuit which implements such an 
operation mode that operates all or some of flip-flops in a digital system 1 as a single 
or a plurality of shift registers, and makes it possible to observe an internal state of 
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the digital system 1 being in the course of operation or set its internal state from the 
outside. 

A method for setting a delay value to a register 5 from a delay setting 
device 6B is described. 
5 A one-bit portion 5 A of the register 5 has a setting input signal Dl 7 and a 

setting (write) specifying signal D18 as shown in Figure 10, and a delay setting signal 
93 is composed of signals of these two kinds for all the registers. The delay setting 
signal 93 is outputted from the delay setting device 6B and is inputted into the digital 
system 1 . 

10 For example, the delay setting device 6B can be formed using a parallel 

interface board of a personal computer, and the number of bits corresponding to the 

bit width of the delay setting signal 93 is provided. 

Writing to a register can be implemented by giving a signal of 0 or 1 to a 

delay setting signal connected to a setting input terminal of a certain bit of a certain 
15 register 5 out of the delay setting signal 93 to be outputted as a parallel interface 

output signal of the delay setting device 6B and giving a signal specifying the setting 

to a bit connected to a corresponding setting signal. 

The value to be written to the register at this time is a value computed by 

an adjusting algorithm executing device 6A. 
20 Alternatively, all the registers 5 in the digital system 1 can be numbered, 

and the delay setting signal 93 can be composed of these register numbers, values to 

be written into the registers and a setting specifying signal. 

In this case, the delay setting signal 93 sent from the delay setting device 

6B to the digital system 1 is divided and distributed according to their register 
25 numbers by means of a multiplexer circuit in the digital system 1 , gives a delay 

setting value to the setting input terminal of a register specified by a register number, 

and gives a setting specifying signal as the setting specifying signal of a specified 

register. 

A parallel interface board can be used in the same way also in order to 
30 connect the delay setting device 6B and the digital system 1 in this case. 
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Alternatively, a serial signal (signal of 1 bit in width) generated by 
arranging the set values for all the registers in one line in the delay setting device 6B 
and performing a parallel-to-serial conversion on them can be used as the delay 
setting signal 93. 

5 In this case, the delay setting signal 93 is serial-to-parallel converted 

inside the digital system 1 and its setting values are written into the respective 
registers. Since the delay setting signal 93 is a signal of 1 bit in width, a serial 
interface circuit such as RS-232C or the like can be used for connection of the delay 
setting device 6B and the digital system 1 . 
10 Next, the first embodiment of an adjusting method of the present 

invention for adjusting a digital system 1 of the above-mentioned embodiment is 
described. 

After the digital system 1 has been manufactured, in an adjusting process, 
as shown in Figure 1, the adjusting device 6, the digital signal observing device 7 and 

15 the digital test signal generating device 8 are connected to the digital system 1, and 
the digital test signal generating device 8 inputs the digital test signal 10 and the 
clock signal 9 into the digital system 1 and the adjusting device 6 sets the register 
value of the register 5 according to a processing procedure shown in Figure 13. 

In this processing procedure, first in step SI the adjusting device 6 writes 

20 a predetermined initial setting value into the register 5 and makes the register hold it 
as its register value, in the next step S2 the digital test signal generating device 8 
outputs a test signal and makes the digital system 1 operate under input of a clock 
signal 9 having a fixed frequency in response to this test signal, in the next step S3 
the digital signal observing device 9 observes the output of the digital system 1 and 

25 the internal state of the digital system and sends the observation result to the 

adjusting device 6, and in the next step S4 the adjusting device 6 judges whether or 
not the digital system 1 operates correctly, using the sent observation values. 

Hereupon, in case that the digital system 1 performs an incorrect 
operation, a series of processes are repeatedly performed in which the adjusting 

30 device 6 changes the register value held by the register 5 in step S5, waits for a fixed 
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time until the change result is stabilized in the next step S6, judges whether or not the 
end condition has been met in the next step S7, and if the end condition has been 
met, it performs a defective product process in step S8 and then it ends the process, 
but if the end condition has not been met this procedure returns to step S2. And in 
5 case that it has been judged that the digital system 1 has correctly operated in step S4, 
this procedure performs an acceptable product process in step S9 and thereafter ends 
the process. 

As a method for changing a register value from the initial set value as 
described above, several methods can be used and examples of them are described 
10 below. 

That is to say, a first method is a method of changing over the set values 
sequentially in a proper order in relation to all combinations within a conceivable 
range of register values, and a second method is a method of generating at random 
the set values. And a third method is a method of setting a delay value obtained at 

15 design as the initial set value and finely changing the set values from the initial set 
value in the positive direction and the negative direction. 

In case that the number of adjustable delay elements 4 in a digital system 
1 to be adjusted is small and no combinatorial explosion of register values occurs, the 
first and second methods can be used. However, since in this embodiment the 

20 number of adjustable delay elements 4 is large and occurrence of a combinatorial 
explosion is expected in an adjusting and search space, the third method is used. At 
this time a method called a genetic algorithm is used. A method for adjusting a 
digital system 1 using a genetic algorithm is described in the following. 

As a reference paper for the genetic algorithm, there is for example 

25 "Genetic Algorithms in Search, Optimization, and Machine Learning' 1 written by 

David E. Goldberg, published by ADDISON WESLEY PUBLISHING COMPANY, 
INC., in 1989. A genetic algorithm called in the present invention means an 
evolutionary computation technique. 

What degree a digital system 1 operates correctly to can be represented 

30 by an evaluation function F taking the delay values of all adjustable delay elements as 
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arguments. To correctly operate a digital system 1 is equivalent to obtaining delay 
values which optimize the evaluation function F. The present inventors pay attention 
to this point and have found that the genetic algorithm can be applied to adjustment 
of a digital system 1. An adjusting device 6 changes register values of registers 5 
5 according to this genetic algorithm. 

A genetic algorithm first sets a population of virtual creatures having 
genes, and makes the individuals adapted to a predetermined environment survive 
and leave their descendants at a high probability according to the degree of their 
fitness. This makes children inherit the genes of their parents by means of a 

10 procedure called a genetic operation. Individuals having high fitness become the 
majority of a population of creatures by performing such alternation of generations 
and making genes and a creature population evolve. And as a genetic operation in 
this case, techniques of gene crossover, mutation and the like which occur also in 
reproduction of actual creatures are used. 

15 Figure 14 is a flowchart showing a rough procedure of such a genetic 

algorithm, where first in step SI 1 the chromosome of an individual is determined. 
That is to say, in what form what content of data is to be transmitted from parent 
individuals to their child individuals in alternation of generations is determined. 
Figure 15 illustrates a chromosome. Here, a variable vector x of an optimization 

20 problem to be handled is represented by a sequence of M symbols Ai (i = 1, 2, . . ., 
M), and this is considered as a chromosome composed of M loci. Each symbol Ai is 
a gene and a value which it can take is an allele. In Figure 15, Ch represents a 
chromosome and Gs represents a locus, and the number of loci M is five. As alleles, 
a certain set of integers, real number values in a certain range, a simple sequence of 

25 symbols and the like are determined according to problems. In the example of 

Figure 15, alphabetic characters of a to e represent alleles. A set of genes symbolized 
in such a way is a chromosome of an individual. 

In step SI 1, a method for computing the fitness representing what degree 
each individual is adapted to an environment to is determined. At this time the 

30 design is performed so that the higher or the lower variable the value of an evaluation 
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function of the optimization problem to be handled is, the higher the fitness of an 
individual corresponding to it is. And in alternation of generations performed after 
this, the higher an individual is in fitness, the higher the probability that this 
individual survives or generates its descendant is made than another individual being 
5 lower in fitness. Contrarily, an individual being lower in fitness is considered to be 
an individual being not well adapted to the environment and is eliminated. This 
reflects the principle of natural selection in the theory of evolution. Namely, fitness 
is a measure representing a degree of superiority of an individual is excellent to from 
a viewpoint of the possibility of survival. 

10 In a genetic algorithm, at the beginning of search, the problem to be 

handled is generally a perfect black box and what individual is desirable is not 
definite at all. Therefore, usually the initial creature population is generated at 
random using random numbers. In a procedure in this case also, therefore, in step 
S13 after the process has been started in step SI 2, the initial creature population is 

15 generated at random using random numbers. When there is some previous 

knowledge of a search space, such a process that generates a creature population 
around a portion whose evaluation value is considered to be high is sometimes 
performed. In this case the total number of individuals to be generated is called a 
population size. 

20 Next, in step S14 the fitness of each individual in a creature population is 

computed on the basis of the computing method previously determined in step S 1 1 . 
After the fitness of each individual has been obtained, in the next step S15 
individuals to be the base for individuals in the next generation are selected from the 
population. If only the selection is performed, however, the percentage of individuals 

25 having the highest fitness at the current point of time in the creature population 

becomes simply higher and no new searching points are generated. For this reason, 
operations called crossover and mutation to be described below are performed. 

Namely, in the next step SI 6, a pair of two individuals is selected at 
random at a specified frequency of occurrence out of individuals of the next 

30 generation generated by selection and their chromosomes are recombined and thereby 
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their child chromosomes are made (crossover). Hereupon, the probability of 
occurrence of crossover is called a crossover rate. A descendant individual generated 
by crossover is an individual which has inherited characters from the respective 
individuals being its parents. By this crossover process, the diversity of 
5 chromosomes of individuals is made high and evolution occurs. 

After the crossover process, in the next step S17 genes of individuals are 
changed in a certain probability (mutation). Here, the probability of occurrence of 
mutation is called a mutation rate. The phenomenon that the content of a gene is 
rewritten is observed also in genes of an actual creature. However, if the mutation 

10 rate is made too large, genetic features of characters of the parents to be inherited by 
crossover are lost and the search comes to be similar to searching at random in a 
search space, and therefore some attention is needed. 

A population of the next generation is determined by the above- 
mentioned process, and next, in step SI 8 it is examined whether or not the generated 

15 creature population of the next generation meets criteria for ending the search. These 
evaluation criteria typically include the following items, depending on problems to be 
solved. 

* The highest fitness in a creature population has become larger than a certain 
threshold value. 

20 * The average fitness in the whole creature population has become larger than 

a certain threshold value. 

* Generations each having the increasing rate of fitness of its creature 
population which increasing rate is not larger than a certain threshold value have 
been appeared in succession at least for a fixed period. 

25 * The number of alternations of generations has reached a predetermined 

number. 

When any of the above-mentioned end conditions (evaluation criteria) 
has been satisfied, the procedure proceeds to step S19 to end the search and takes an 
individual having the highest fitness in the creature population at this point of time as 
30 a desired solution for the optimization problem. When the end conditions are not 
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satisfied the procedure returns to the process for computing the fitness of each 
individual in step S14 and continues the search. By such repetition of alternation of 
generations it is possible to improve the fitness of each individual while keeping 
constant the number of individuals in a creature population. The above is an outline 
5 of a genetic algorithm. 

The framework of a genetic algorithm as described above is so loose that 
details of an actual programming are not prescribed, and the framework does not 
prescribe a detailed algorithm for an individual problem. Therefore, in order to use a 
genetic algorithm in adjustment of a digital system of this embodiment, it is 
10 necessary to implement the following items for adjustment of the digital system. 

(a) Method for representing a chromosome 

(b) Evaluation function for individuals 

(c) Selection method 

(d) Crossover method 
15 (e) Mutation method 

(f) End conditions for the search 

Figure 16 is a flowchart showing a processing procedure of an adjusting 
device 6 using a genetic algorithm in this embodiment. A process of Figure 16 
shows concretely a process from step S3 to step S5 of Figure 13. This embodiment is 

20 greatly characterized by directly using the register values of registers 5 as a 

chromosome in the genetic algorithm, and thereby can dispense with a process and 
the like for converting information of a chromosome into register values. Namely, a 
chromosome in this embodiment is composed of the register values of a plurality of 
registers 5, as shown in Figure 17. 

25 In Figure 17, a delay value being positive in sign (having no sign) delays a 

signal by its delay time and a delay value being negative in sign advances a signal by 
its delay time, and the unit ps of a delay value means a picosecond. 

This embodiment uses, as an evaluation function F for individuals in the 
generic algorithm, a function representing how close a characteristic obtained by a 

30 digital signal observing device 9 is to an ideal characteristic, as a result of operating a 
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digital system 1 by using the register values represented by the chromosome of an 
individual. 

A plurality of individuals are made in advance using uniform random 
numbers as the initial population for the genetic algorithm in step 1 of Figure 13 for 
5 use in the process shown in Figure 16. Namely, this case means that the value of 
each gene of each chromosome in the initial population takes a value of 1 in a 
probability of 0.5 and takes a value of 0 in a probability of 0.5. In case that there is 
some previous knowledge of the tendency of non-uniformity in clock timing, 
however, it is possible to make individuals being considered to be higher in fitness as 

10 the initial population. 

From an observation value sent from the digital signal observing device 
7, the adjusting device 6 computes a fitness by means of the evaluation function. 
After this, it judges whether or not the digital system 1 correctly operates in 
performance in step S23, and in case that the digital system 1 operates incorrectly, the 

15 procedure performs selection in step S24, crossover in step 25, mutation in step S26 
and a process of step S27 and thereby generates a population of individuals of the 
next generation (a candidate population for solution). 

Thus, when it has been judged that the digital system 1 operates correctly 
in performance in step S23, an acceptable product process is performed and then the 

20 adjusting process is ended, but in case that a chromosome (register values) which 
correctly operates cannot be obtained even if repeating the adjusting process for a 
certain number of generations, the digital system 1 to be adjusted is judged as a 
defective and this procedure performs a defective product process on it in step S8 of 
Figure 13. 

25 The selection process of step S24 uses a method shown in a flowchart of 

Figure 18. This method first selects two individuals A and B out of a population in 
steps S31 and S32, and then determines an individual having the larger value of 
fitness out of the two individuals A and B as an individual to survive in the next 
generation. Then the method returns from step S36 to step S31 and repeats this 

30 operation until the number of individuals which have survived reaches the number of 
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individuals in the population. By this method, the possibility that an individual being 
high in fitness is selected as an individual of the next generation is high, but since 
individuals A and B are selected at random, the possibility that even an individual 
being low in fitness is selected as an individual of the next generation results in being 
5 left. The reason for doing in such a way is that if only individuals being high in 
fitness are left the convergence of a population is made high and sticking to a local 
optimum solution is liable to lead the adjustment to failure. 

In a crossover process of step S25, a method shown in an explanatory 
diagram of Figure 19 is used. This is an operation for replacing chromosomes in 

10 parts at random positions and is a technique called a one-point crossover. In 

Figure 19, Chi and Ch2 are chromosomes of parents A and B which have survived as 
a result of selection, and the crossover process in this case cuts these chromosomes at 
a crossover position CP selected at random. The example of Figure 19 selects as a 
crossover position the position between the third gene and the fourth gene from the 

15 left. Here, it generates child A* and child B' respectively having chromosomes Ch3 
and Ch4 by replacing the cut partial gene patterns with each other and replaces the 
original individuals A and B with these children A' and B\ 

The mutation of step S26 to be performed following the crossover in step 
S25 is an operation that changes each bit of the genes of each chromosome from 0 to 

20 1 or from 1 to 0 in an occurrence probability of a mutation rate. Figure 20 shows an 
example of mutation. In this figure, mutation has occurred on the genes enclosed by 
tetragons, which are the second bit from the left and the third bit from the right, of 
chromosome Ch5 and these genes have been changed to the respective alleles in 
chromosome Ch6. 

25 As described above, in a digital system 1 of this embodiment, delay 

elements 4 being variable in delay value are inserted into a clock circuit for a 
plurality of flip-flop elements in the digital system 1, and the delay values of these 
delay elements 4 are searched so that the digital system 1 correctly operates. 
Accordingly, it is possible to adjust a digital system 1 so as to correctly operate by 

30 absorbing non-uniformity in quality of clock circuits in a digital system 
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manufacturing process and errors in clock timing caused by errors and the like in 
design, and this means that a digital system being larger in scale and higher in speed 
than that obtained by the prior art can be obtained by a less design effort than that of 
the prior art. 

5 This embodiment can also use data of a margin time in timing for each 

flip-flop computed by an LSI CAD system in order to select a flip-flop to be adjusted. 
That is to say, it selects as flip-flops to be adjusted a specific number of flip-flops 
being less in margin time, or selects as flip-flops to be adjusted flip-flops being on 
and around the critical path to determine the upper limit of an operating frequency of 

10 the digital system. 

Additionally, the following adjusting method can be also used in relation 
to this embodiment. 

That is to say, although it is assumed that the frequency of a clock signal 
9 is a constant value in the above-mentioned adjusting method, it is possible to 

15 perform adjustment so that the operating frequency is made higher by ending this 
adjustment and then raising the frequency of the clock signal 9 and performing 
adjustment in a similar manner. 

Figure 21 shows an adjusting method in the above-mentioned case. In 
this processing procedure, first in step S61, the frequency of a clock signal 9 to be 

20 inputted into a digital system 1 is set at fQ and then in step S62 an adjusting device 6 
performs adjustment from step SI to step S9 shown in Figure 13. In the next step 
S63, it judges whether or not the digital system 1 has been adjusted to be an 
acceptable product as a result of adjustment in step S61 . In case that it has not been 
made acceptable as a result of adjustment the process is ended. In case that it has 

25 been made acceptable as a result of adjustment the clock frequency 9 is set at a value 
fl larger than fO in step S64. Thereafter, the digital system 1 is adjusted in step S65 
similarly to step S62. In step S66 it performs judgement in the same way as step S63, 
and in case that the system is acceptable it is repeated to set the frequency at a still 
larger value and adjust the system. In case of setting the clock frequency at the upper 
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limit value fh in step S68 as the result of repetition, adjustment is performed in step 
S69 and the process is ended. 

The clock frequency ft) is determined by a design value of the operating 
frequency of the digital system 1 and the frequency fh is determined by the upper 
5 limit of an allowable input clock frequency. A value of n and values of fl to fii-1 are 
determined according to a necessary adjustment accuracy. It is possible to raise the 
upper limit value of an operating frequency of the digital system 1 according to 
variation in clock timing by means of this adjusting method. 

In the case of setting fO lower than a design value of the operating 

10 frequency and performing adjustment as gradually raising the clock frequency fi (i = 
1 , . . . , n), the adjustment takes a long time but there is an advantage of securely 
performing adjustment. 

Further, according to the adjusting method, it is possible to improve the 
stability of a digital system by operating the digital system, which has been judged to 

15 be acceptable at an operating frequency of fj , at a frequency of fi (i < j) at the time of 
using the system. The reason is that since the system has been adjusted in clock 
timing so as to operate at a higher frequency than a frequency in use of the system, 
even in case that a slight change in clock timing is caused by the influence of 
temperature of the system or an external electromagnetic noise, an erroneous 

20 operation does not easily occur. 

This adjusting method can be also used in a mass production process of a 
digital system 1. A conventional mass production process has generally performed 
only an operation test without performing adjustment and has performed selection 
according to the upper limit of an operating frequency determined by the degree of 

25 variation of each system. According to the adjusting method, however, since it is 
possible to individually adjust manufactured digital systems and thereby raise the 
operating frequency of them, it is possible to raise the percentage of digital systems 
operating at a high frequency. Thanks to this, since a digital system operating at a 
high frequency is sold at a high price, it is possible to improve the production 

30 efficiency. 
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Next, the first embodiment of the present invention has a variation 
example as described below. In the previous embodiment, an adjusting device 6, a 
digital signal observing device 7 and a digital test signal generating device 8 are 
detachably connected with a digital system 1 as external devices. In the present 
5 invention, however, circuits equivalent to the external devices may be incorporated 
into a digital system 1 as an adjusting means. 

A variation example composed in such a way is shown in Figure 22. 
Here, circuits equivalent to the external devices are incorporated in a digital system 1 
in addition to a digital system main body 1L. Changeover switches 30 are provided 

10 respectively between the input terminal, output terminal of the digital system 1L and 
the external input terminal 32, external output terminal 33 of the digital system 1L. 
These changeover switches 30 maybe provided inside the digital system 1L as 
shown in the example, and maybe also provided outside the digital system 1. 

Hereupon, when the changeover switches 30 are operated, output of the 

15 digital system main body 1L is inputted into a digital signal observing circuit 7L, and 
an adjusting circuit 6L, the digital signal observing circuit 7L and a digital test signal 
generating circuit 8L start to operate and adjust the values of registers. When the 
adjustment has been ended, output of the digital system main body 1L is changed 
over to the output terminal 33 side by operation of the changeover switches 30. This 

20 example is provided with a light emitting device 3 1 for performing a warning 

indication in case of being unable to obtain register values necessary for the digital 
system main body 1L to correctly operate. 

According to such a variation example, it is possible not only to adjust a 
digital system 1 in a manufacturing process but also for a user to purchase a product 

25 having a digital system 1 incorporated in it and then adjust the digital system 1 by 
itself on occasion. Additionally, a digital system 1 is manufactured and then the 
digital system 1 can be further adjusted by a person adopting adjustment as a 
profession. Additionally, in a case that an environment where a digital system 1L is 
installed changes in temperature or the like and the digital system main body 1L 

30 varies in clock timing inside it, there is an advantage of being able to compensate for 
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the variation and reduce the probability of incorrect operation of the digital system 
main body 1L. The changeover switches 30 can be composed so as to be not only 
manually but also automatically changed over when turning power on. And for the 
clock signal 9, in a case that a clock circuit is provided in a digital system 1, the clock 
signal of this clock circuit may be used. 

Next, a second embodiment of the present invention is described. This 
embodiment is a composition example in case of applying a method of the present 
invention to a memory test pattern generator circuit. 

Figure 27 is a composition diagram showing a memory test pattern 
generator circuit 1G as a second embodiment of a digital system of the present 
invention having a memory test pattern generating function as its basic function, and 
corresponds to the digital system 1 portion of Figure 1 and the same devices as those 
of Figure 1 are used as devices other than this. 

Here, an adjusting device 6, a digital signal observing device 7 and a 
digital test signal generating device 8 are external devices. The same circuits as those 
shown in Figure 1 are given the same symbols as those. 

A flip-flop 2 to be adjusted is an ordinary D flip-flop, and a flip-flop 3 
not to be adjusted is also an ordinary D flip-flop in the same way. The clock terminal 
of a flip-flop 3 not to be adjusted is connected directly to a clock circuit, but an 
adjustable delay element 4 is inserted between the clock terminal of a flip-flop 2 to 
be adjusted and the clock circuit. 

A register 5 for controlling the delay time of an adjustable delay element 
4 is connected to the delay element 4. Hereupon, assuming that a register 5 has 4 
bits, an adjustable delay element 4 can be composed as shown in Figure 26. 

Furthermore, assuming that the minimum unit DT of a delay time is 
50 ps, an adjustable delay element 4 can generate a delay time of 0 ps to 750 ps 
according to the value of a register 5. 

A register 5 can be composed of four ordinary D flip-flops in case that 
the register 5 has a 4-bit width. Delay value setting signals for 4 bits and a setting 
instruction signal common to the 4 bits are inputted into the register 5. 
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A delay setting signal 93 is a signal obtained by collecting the delay value 
setting signals for 4 bits of each register 5 and each common setting signal in relation 
to all the registers. And a digital system internal state signal 12 is a signal obtained 
by collecting all of the outputs of flip-flops 2 to be adjusted. 
5 A decoder circuit 20 A 1 is a circuit for applying a decoding process to an 

inputted signal and is composed as a combination circuit (not including a memory 
element such as a flip-flop and the like). 

An ALU circuit 20A2 is a combination circuit which has input signals 
each being of 4 bits of two systems and an operation specifying signal of 4 bits 
10 inputted into it and which performs computation according to the operation 

specifying signal between the two different sets of the input signals and outputs the 
computation result as output data of 4 bits. 

An inverter circuit 20A3 has a function of inverting or not inverting an 
input signal and outputting the resulting signal according to specification from the 
15 outside, and is composed as a combination circuit. 

A PLL circuit 94 is connected between the input terminal of a clock 
signal 9 and the adjustable delay elements 4 connected to flip-flops 2 to be adjusted, 
and generates a clock signal to be supplied to the flip-flops 2 to be adjusted, the clock 
signal being the same in frequency and 400 ps fast in timing. 
20 As described above, since an adjustable delay element 4 can generate a 

delay of 0 ps to 750 ps, by combining both of them it is possible to supply a delay of 
-400 ps to 350 ps, namely, a clock in a range from a state of being 400 ps fast to a 
state of being 350 ps slow to each flip-flop 2 to be adjusted. 

In this case, therefore, the clock timing of a flip-flop 2 to be adjusted 
25 varies also from -400 ps to 350 ps according to the value set into a register 5. For 
example, in case that "1011" is set into a register 5, the clock timing of a 
corresponding flip-flop 2 to be adjusted is delayed by 150 ps in comparison with a 
clock signal 9 supplied from the outside. 
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The clock terminal of a flip-flop 3 not to be adjusted is directly supplied 
with a clock signal 9, and the flip-flop 3 not to be adjusted operates in the same 
timing as the clock signal 9. 

The circuit of this embodiment, in which one side input of the ALU 
5 circuit 20A2 is fed back through a flip-flop 2 to be adjusted, is not of a simple 
pipeline structure. 

In this embodiment, all flip-flops connected to external terminals of the 
digital system 1 are flip-flops 3 not to be adjusted and the other flip-flops are flip- 
flops 2 to be adjusted, but the present invention does not always need the same 
10 composition as this. 

A method of the present invention is applicable and effective even in case 
that each element appearing in this embodiment is not always exact in characteristic 
values. 

This embodiment is preferable particularly in case that it is applied to a 
1 5 memory test pattern generator circuit as used in testing of a high-speed memory 
element. 

Furthermore, the circuit adopted in this embodiment has 4 bits as its 
output, but in case of a memory test pattern generator circuit having a larger number 
of bits as its output, since the number of adjusting points is increased and a 
20 dependent relation in delay time between flip-flops is complicated and thus a 
combinatorial explosion is liable to occur, the present invention is preferable in 
particular. 

An adjusting method of the second embodiment of the present invention 
applied to the memory test pattern generator circuit 1G of this embodiment shown in 
25 Figure 27 is described in the following. 

The performance of this memory test pattern generator circuit 1G can be 
represented by an evaluation function F taking as arguments the delay values of a 
plurality of adjustable delay elements 4A1 to 4A14. Operating correctly the memory 
test pattern generator circuit 1G is equivalent to obtaining delay values for optimizing 
30 the evaluation function F. 
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Since in this embodiment the number of delay elements 4 to be adjusted 
is as many as 14 (4A1 to 4A14) and occurrence of a combinatorial explosion is 
expected, the adjusting device 6 uses the evaluation function F and changes the 
values of registers 5 according to a genetic algorithm. 
5 Adjustment of delay elements 4 is performed according to flowcharts 

shown in Figures 13 and 16 in the same way as the first embodiment. This 
embodiment is greatly characterized by directly using the values of registers 5 as a 
chromosome in the genetic algorithm. Due to this, a process for converting 
information of a chromosome into register values is unnecessary. 

10 That is to say, a chromosome in this embodiment is composed of the 

register values of 14 registers 5 corresponding to 14 delay elements, as shown in 
Figure 17. And each register 5 corresponding to each element parameter is of 4 bits. 
Therefore, the register length (= length of a chromosome) is 56 bits. Accordingly, 
the size of an adjusting and search space of the memory test pattern generator circuit 

15 1G of the embodiment is 2 A 56 ^ 10 A 17 (10 to the 17th power), and it is a matter of 
course that adjustment by the whole search is impossible. 

In the delay element 4 shown in Figure 26, this embodiment sets the 
value of DT at 50 ps. This value is determined according to variation in clock 
timing. For example, when the register value is "1011" in Figure 17, switch circuits 

20 Sw4, Sw2 and Swl become on and delay elements UD4, UD2 and UD1 are 

connected to the clock circuit, and as the result a delay corresponding to the register 
value "101 1" becomes 8 x 50 + 2 x 50 + 50 - 400 = 150 ps. 

Similarly, a delay corresponding to the register value "0101" becomes 4 x 
50 + 50 - 400 = -150 ps, and a delay corresponding to the register value "0001" 

25 becomes -350 ps. 

This embodiment uses, as an evaluation function F for individuals in the 
generic algorithm, a function representing how close a characteristic obtained by a 
digital signal observing device 9 is to an ideal characteristic, as a result of operating a 
digital system 1G by using the register values represented by the chromosome of an 

30 individual. 
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[Formula 1] 

Fitness = F = NC/NT 

Here, NT is the total number of bits of a digital output signal 1 1 and a 
digital system internal state signal 12 of the memory test pattern generator circuit 1G 
5 in relation to a series of digital test signals 10, and NC is the total number of bits of 
correct digital values out of a series of digital output signals 1 1 and a series of digital 
system internal state signals 12 of the memory test pattern generator circuit. The 
evaluation function F can adopt a real number value from 0 to 1 and when it takes a 
value of 1, the memory test pattern generator circuit 1G to be adjusted results in 

10 correctly operating. For example, assuming that NC is 253 and NT is 500 in a series 
of outputs of a digital system 1 set by means of the register values represented by a 
chromosome, the value of the evaluation function F in this case becomes 0.506. 

A plurality of individuals are made in advance using uniform random 
numbers as the initial population in a genetic algorithm in step SI of Figure 13 for 

15 use in the process shown in Figure 14. Namely, this case means that the value of 
each gene of each chromosome in the initial population takes a value of 1 in a 
probability of 0.5 and takes a value of 0 in a probability of 0.5. In this embodiment, 
the number of individuals in a population is set at 50. 

After this, the memory test pattern generator circuit 1G is operated by 

20 means of the register values represented by each individual, and in step S4 the 

adjusting device 6 computes a degree of fitness by means of the evaluation function 
using the result of observation by the observing device 5 in step S3. Thereafter, in 
order, this method performs a selection process in step S24, a crossover process in 
step S25 and a mutation process in step S26, and thereby generates a population of 

25 individuals of the next generation (a candidate population for solution). In this 

embodiment, the crossover rate which is the ratio of the number of individuals to be 
crossed to the total number of individuals is set at 0.5 and the mutation rate is set at 
0.0125. 

In step S4, it is judged whether or not the memory test pattern generator 
30 circuit 1G correctly operates, and when it has correctly operated an acceptable 
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product process is performed and the adjusting process is ended. And in case that a 
chromosome (register values) correctly operating cannot be obtained even by 
repeating an adjusting process for a certain number of generations, the memory test 
pattern generator circuit 1G is judged as a defective and in step S8 a defective 
product process is performed. In this embodiment, the number of generations to stop 
the repetition is set at 20. 

A result of an experiment in case of applying an adjusting method using a 
genetic algorithm of this embodiment to the memory test pattern generator circuit 1G 
shown in Figure 27 is described in the following. In this experiment, the circuit was 
made of an LSI chip of cell base using a bipolar technology. 

As a result of the above-mentioned experiment, an LSI chip which 
operated incorrectly at a clock frequency of 800 MHz without adjustment could 
correctly operate after it was adjusted by a method using a genetic algorithm. 
Figure 28 shows the relation between the fitness (the average of 10 trials) which is 
the value of an evaluation function F for the best individual in a generation under 
experiment and the number of generations. It can be seen that with the advance of 
generations in the genetic algorithm the value of fitness rises and the timing is 
adjusted. The effectiveness of the adjusting method of this embodiment has been 
confirmed by this experiment. 

In this embodiment, a memory test pattern generator circuit was 
implemented on an integrated circuit of cell base, but it can be also implemented on a 
recomposable integrated circuit such as FPGA, CPLD and the like. In this case, 
delay adjusting elements may be implemented as a part of an ordinary logic circuit, 
and delay adjusting elements may be also implemented by developing an FPGA or a 
CPLD having the delay adjusting elements built in it. 

As described above, in the memory test pattern generator circuit 1G of 
this embodiment, the delay elements 4A1 to 4A14 are inserted in a clock circuit for 
flip-flop elements, and the delay times of these delay elements 4 are searched so that 
the memory test pattern generator circuit 1G correctly operates. Therefore, it is 
possible to absorb errors in clock timing caused by non-uniformity in quality of clock 
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circuits in an integrated circuit manufacturing process, errors in design and the like, 
and adjust a memory test pattern generator circuit 1G so as to correctly operate, and 
this means that it is possible to obtain a more high-speed digital system than the prior 
art in a less design effort than the prior art. 

A variation example as described below can be implemented in relation 
to this embodiment. 

When adjusting a memory test pattern generator circuit 1G, it is possible 
to observe also the current consumption and the temperature of the memory test 
pattern generator circuit 1G in addition to the output of a digital signal observing 
device 7 and incorporate them into an evaluation function (fitness). Since the 
temperature and the current consumption of an LSI vary generally according to clock 
timing inputted to flip-flops inside the LSI, it is possible to cope with various 
requirements and improve the accuracy of adjustment by doing in such a way. 

Figure 29 shows a composition example in the case. In Figure 29, 
symbol 13 is a thermometer and 14 is a power source. In Figure 29, the same 
components as those of Figure 1 are given the same symbols as those. Hereupon, the 
thermometer 1 3 measures the temperature of an LSI of a memory test pattern 
generator circuit 1G and A/D-converts and transmits the value of it to an adjusting 
device 6. 

The power source 14, which is a device for supplying power to the 
memory test pattern generator circuit 1G, A/D-converts and transmits the value of 
supplied current to the adjusting device 6. While a digital test signal generating 
device 8 is outputting a test signal 10, the adjusting device 6 monitors the 
temperature and the current consumption and computes the average temperature and 
the average current consumption during this period. 

This variation example can use an evaluation function as described 
below, for example. 
[Formula 2] 

Fitness = NC/NT (where NC/NT < 1 ) 

Fitness = 1 + 1/(1.0 + wl | T - Tm | + w2 1 1 - Im | ) (where NC/NT = 1) 
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Here, fitness is the fitness in a genetic algorithm, T is a measured average 
temperature, I is a measured average current consumption, Tm is an ideal average 
temperature, Im is an ideal average current consumption, and wl and w2 are 
weighting factors. This evaluation function adjusts the memory test pattern generator 
5 circuit 1G until it comes to perform no erroneous operation, and after it has come to 
perform no erroneous operation, this evaluation function further performs adjustment 
so as to bring the average current consumption and the average temperature close to 
their ideal values. 

In this invention, in order to further improve the accuracy of adjustment, 

10 the peak value during observation of the current consumption may be incorporated 
into the evaluation function. 

Next, a composition example of a digital system having a pipeline 
structure as a third embodiment of the present invention is shown. Figure 30 shows 
the composition of a digital system having a pipeline structure of the third 

15 embodiment, and in Figure 30, symbol IP is a digital system having a pipeline 
structure, and the system of this embodiment is composed of a digital system IP 
which performs a similar function to the digital system 1 in the first embodiment but 
has a pipeline structure as a concrete composition instead of being composed of the 
digital system 1. The same components as those of Figure 1 are given the same 

20 symbols as those. 

A pipeline structure is generally a structure in which the outputs of a 
certain combination circuit are connected to a plurality of flip-flops and the output 
values of the combination circuit are not influenced by the output values of the flip- 
flops. The digital system IP having this pipeline structure has flip-flops 2P1 to 2P8 

25 and 3P1 to 3P8 which a clock signal 9 is inputted into, and combination circuits 20P1 
to 20P3 which a clock signal 9 is not inputted into. Symbols 4P1 to 4P8 are 
adjustable delay elements, which are respectively adjusted in delay time according to 
values shown by registers 5P1 to 5P8. In this embodiment, the number of adjusting 
points is eight. 
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In Figure 30, symbol 1 1 is signal lines for reading digital values held by 
the flip-flops 3P5 to 3P8 and 12 is signal lines for reading digital values held by the 
flip-flops 2P1 to 2P8, which are respectively connected to a digital signal observing 
device 7. 

5 In a digital system having a pipeline structure, in many cases, an incorrect 

operation is caused by non-uniformity in timing of a clock signal 9 inputted into the 
flip-flops 3P1 to 3P8 and 2P1 to 2P8 due to impedance mismatching, stray capacity 
and the like in a clock circuit and the outputs 1 1 of the digital system having a 
pipeline structure do not become expected values. As a measure to counter an 

10 erroneous operation, therefore, it is effective to adjust a clock signal in timing, but it 
is necessary to entirely adjust the adjusting points of the delay elements 4P1 to 4P8. 
Thereupon, from a fact that such a system has features in a dependent relation among 
data signals due to its pipeline structure, a method for performing adjustment 
effectively utilizing the features has been invented. 

15 The third embodiment of a method of the present invention for adjusting 

a digital system IP having the pipeline structure is described in the following. 
A method of this embodiment is basically similar to the adjusting method of the first 
embodiment previously described, but this method adjusts registers in parts and in 
stages. 

20 After a digital system IP having a pipeline structure has been 

manufactured, in an inspection process, as shown in Figure 30, an adjusting device 6, 
a digital signal observing device 7 and a digital test signal generating device 8 are 
respectively connected to the digital system IP having a pipeline structure. The 
digital test signal generating device 8 inputs a test signal 10 and a clock signal 9 into 

25 the digital system IP having a pipeline structure. The digital signal observing device 
7 observes and provides the output values of the digital system IP having a pipeline 
structure and/or the values of the flip-flops 2P1 to 2P8 to the adjusting device 6. The 
adjusting device 6 sets the register values of registers 5P1 to 5P8, using a genetic 
algorithm according to a processing procedure shown in Figure 3 1 . 
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In this processing procedure, first in step SI 00 the adjusting device 6 
writes a predetermined initial setting value into a register 5 and makes the register 5 
hold it as a register value, in the next step SI 01 the digital test signal generating 
device 8 outputs a test signal and makes the digital system IP operate under input of 
5 a clock signal 9 having a fixed frequency in response to this test signal, in the next 
step SI 02 the digital signal observing device 9 observes the digital values held by the 
flip-flops 2P1 to 2P4 and sends the result of observation to the adjusting device 6, 
and in the next step SI 03 the adjusting device 6 judges whether the value of fitness is 
equal to or less than a fixed value, using the observation values sent. 

10 In a case that the value of fitness is equal to or less than a fixed value, in 

step SI 04 the adjusting device 6 changes the register values held by the registers 5P1 
to 5P4, and in the next step SI 05, the process waits for a fixed time until the result of 
change becomes stable. In the next step SI 06, it is judged whether an end condition 
has been met, and if the end condition has been met, in step SI 07 a defective product 

15 process is performed and thereafter the process is ended. However, if the end 

condition is not met, the procedure returns to step SI 01, and the series of processes is 
repeatedly performed. In a case that it has been judged that the value of fitness is 
equal to or more than a fixed value in the step S103, the adjustment of the registers 
5P1 to 5P4 is ended and the procedure proceeds to step SI 08. 

20 In step SI 08, the digital test signal generating device 8 outputs a test 

signal and makes the digital system IP operate in response to this test signal. In the 
next step SI 09, the digital signal observing device 9 observes the digital values held 
by the flip-flops 2P5 to 2P8 and the outputs and sends the result of observation to the 
adjusting device 6. In the next step SI 10, the adjusting device 6 judges whether the 

25 value of fitness is equal to or less than a fixed value, using the observation values 
sent. 

Hereupon, in a case that the value of fitness is equal to or less than a 
fixed value, in step Sill the adjusting device 6 changes the register values held by 
the registers 5P5 to 5P8, and in the next step SI 12 the process waits for a fixed time 
30 until the result of change becomes stable. In the next step S 1 1 3, it is judged whether 
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an end condition is met, and if the end condition is met, in step SI 14 a defective 
product process is performed and thereafter the process is ended. However, if the 
end condition is not met, the procedure returns to step SI 08 and this series of 
processes is repeatedly performed. In a case that it has been judged that the value of 
5 fitness is equal to or more than a fixed value in step SI 10, an acceptable product 
process is performed in step SI 15 and thereafter the process is ended. 

A processing procedure by a genetic algorithm in this case is the same as 
that of the first embodiment, and a chromosome in the genetic algorithm and the 
values of registers have a one-to-one correspondence to each other. That is to say, in 

10 adjustment in a loop of steps S101toS103a chromosome is composed of four 

register values corresponding to the four adjusting points of the registers 5P1 to 5P4. 
In adjustment in a loop of steps S108toS110a chromosome is composed of four 
register values corresponding to the four adjusting points of the registers 5P5 to 5P8. 
Here, it is assumed that each register corresponding to each adjusting point is of 4 

15 bits. Therefore, the length of a chromosome is 16 bits and accordingly, the size of a 
partial adjusting and search space in the above-mentioned embodiment is 
2 A 16 = 65536. 

Incidentally, adjustment by a genetic algorithm needs generally a search 
time being in proportion to the size of the whole adjusting and search space. 

20 Hereupon, however, since the adjustment of a digital system IP is divided into 
adjustment of the registers 5P1 to 5P4 and adjustment of the registers 5P5 to 5P8 
paying attention to a dependent relation among data of a pipeline structure as 
described above, the size of the whole adjusting and search space becomes 65536 x 2 
= 131072 and therefore can be dramatically reduced in comparison with the size 

25 2 A (16 + 16) * 10 A 9 (10 to the 9th power) in case of adjusting all the registers at the 
same time. 

The adjusting device 6 in this case performs evaluation using an 
evaluation function as shown below for example. 



-48- 



[Formula 3] 

Fitness = NC/NT (where NC/NT < 1) 

Fitness = 1 + 1/(1 .0 + | DL I ) (where NC/NT = 1). 

Here, NT is the total number of bits of digital values observed by the 
5 digital signal observing device 7 in relation to a series of digital signals 10, and NC is 
the total number of bits of digital values as expected out of the digital values. Fitness 
is the degree of fitness in a genetic algorithm, and DL is the sum of delay times of all 
the delay elements under adjustment. In this evaluation function, a digital system IP 
having a pipeline structure is adjusted until it comes to perform no incorrect 
10 operation and after it has come to perform no incorrect operation, further it is 

adjusted so that the sum of the delay values becomes as small as possible. In this 
case, it is enough to use a value equal to or more than 1.0 as a criterion value for 
judging the fitness in the steps SI 03 and SI 10. 

Since the method of this embodiment uses a plurality of adjustable delay 
15 elements 4P1 to 4P8 onto a clock signal 9 in a digital system IP having a pipeline 

structure and adjusts their delay values so that the digital system IP does not perform 
an incorrect operation, it is possible to absorb a slippage in clock timing caused by 
non-uniformity in processes of clock circuits in a manufacturing process of a digital 
system having a pipeline structure, errors in design and the like, and adjust a digital 
20 system having a pipeline structure IP so as to perform no incorrect operation. 

Additionally, since this embodiment can perform adjustment in parts and in stages 
paying attention to a dependent relation among data of a pipeline structure, it can 
make its adjusting and search space smaller and the adjusting time shorter. 

In this embodiment, a pipeline structure has four stages, but it is a matter 
25 of course that the present invention does not care about the number of stages. 

Additionally, when adjusting registers in parts, since a partial adjusting 
and search space is made small in case that the number of data lines is small, an 
exhaustive search method may be used instead of an adjusting method using a genetic 
algorithm. For example, in case that the number of registers to be adjusted is two 
30 and the number of bits of each register is four, since a partial adjusting and search 
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space is 2 A 8 = 256, it is enough to perform adjustment as examining all possible 
cases. 

Next, a composition example of a digital circuit board as a fourth 
embodiment of a digital system of the present invention is shown. Figure 32 shows 
the composition of a digital circuit board of this fourth embodiment, and in 
Figure 32, symbol IB is a digital circuit board and the system of this embodiment is 
composed of a digital circuit board IB which performs a similar function to the 
digital system 1 in the first embodiment instead of being composed of the digital 
system 1. The same components as those of Figure 1 are given the same symbols as 
those. 

A plurality of LSIs 1L1 to 1L10 having a clock signal 9 inputted and a 
plurality of electronic components 16 having no clock signal inputted are mounted in 
this digital circuit board IB. Additionally, these LSIs and electronic components are 
connected to one another with data signal lines not illustrated. Symbols 4B1 to 4B10 
are delay elements being adjustable in delay time, which are respectively adjusted in 
delay time according to values represented by registers 5B1 to 5B10. In this 
embodiment, there are ten adjusting points of them. Additionally, symbol 15 is an 
electromagnetic wave measuring device which is an external device. 

In a digital circuit board, in many cases there is an LSI performing an 
incorrect operation caused by non-uniformity in timing of a clock signal 9 inputted 
into the LSIs 1L1 to 1L10 due to impedance mismatching, stray capacity and the like 
in a clock circuit on the board and the output 1 1 of the digital circuit board does not 
become an expected value. As a measure to counter an incorrect operation, therefore, 
it is effective to adjust in timing a clock signal to be given to each LSI, but since data 
signals of the LSIs 1L1 to 1L10 have a dependent relation among one another, it is 
necessary to synthetically adjust the adjusting points of the delay elements 4B1 to 
4B10. 

In a digital circuit board, since a digital signal current containing a 
harmonic component of a high frequency flows on the board, the power of an 
electromagnetic noise emitted from the board is large. Therefore, as an EMI noise it 
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exerts influence upon a human body and other electronic devices being in the vicinity 
of it. This emission noise can be lowered in the peak value of its power by finely 
shifting in timing a clock to be inputted into each LSI. Accordingly, by observing the 
emission noise and adjusting a clock timing, it is possible to reduce the influence of 
5 the emission noise upon the outside. 

The electromagnetic wave measuring device 15 measures the power of an 
electromagnetic wave emitted from a board, A/D-converts and transmits the value of 
it to an adjusting device 6. While a digital test signal generating device 8 is 
outputting a test signal, the adjusting device 6 monitors the electronic wave power 
10 and computes the peak value during this period. 

The fourth embodiment of a method of the present invention for 
adjusting the digital circuit board IB is described. A method of this embodiment is 
basically similar to the adjusting method of the first embodiment previously 
described. 

15 After a digital circuit board IB has been manufactured, in an inspection 

process, as shown in Figure 32, an adjusting device 6, a digital signal observing 
device 7, a digital test signal generating device 8 and an electromagnetic wave 
measuring device 15 are respectively connected to the digital circuit board IB. The 
digital test signal generating device 8 inputs a test signal 10 and a clock signal 9 into 

20 the digital circuit board IB. The digital signal observing device 7 observes and 

provides the output value of the digital circuit board IB to the adjusting device 6 and 
the electromagnetic wave measuring device 1 5 observes an emission noise of the 
digital circuit board IB and provides its value to the adjusting device 6, and the 
adjusting device 6 performs evaluation using an evaluation function described below 

25 for example. 
[Formula 4] 

Fitness = NC/NT (where NC/NT < 1 ) 

Fitness = 1 + 1/(1 .0 + | P | ) (where NC/NT = 1). 

Here, P is the peak power of a measured electromagnetic wave. In this 
30 evaluation function, a digital circuit board IB is adjusted until it comes to perform no 
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incorrect operation and after it has come to perform no incorrect operation, it is 
further adjusted so that the peak value of an emission noise power is made as small 
as possible. 

A chromosome and register values in this case have a one-to-one 
correspondence to each other in the same way as the case of the method of the first 
embodiment. That is to say, in the same way as shown in Figure 17, a chromosome 
is composed of the register values often registers corresponding to the ten adjusting 
points of the embodiment. Here, it is assumed that each register corresponding to 
each adjusting point is of 4 bits. Therefore, the length of a chromosome is 40 bits. 
Accordingly, the size of an adjusting and search space of the digital circuit board IB 
in the above-mentioned embodiment is 2 A 40 - 10 A 12 (10 to the 12th power), and it 
is a matter of course that adjustment by an exhaustive search is impossible. 

Since the method of this embodiment uses a plurality of adjustable delay 
elements 4B1 to 4B10 onto a clock signal 9 in a digital circuit board IB and adjusts 
their delay values so that the digital circuit board IB does not perform an incorrect 
operation, it is possible to absorb a slippage in clock timing caused by non- 
uniformity in components and materials of clock circuits in a digital circuit board 
manufacturing process, errors in design and the like, and adjust a digital circuit board 
IB so as to perform no incorrect operation. 

Additionally, since this embodiment can perform adjustment in 
consideration of an emission noise emitted as an electromagnetic wave from a digital 
circuit board IB, this embodiment is preferable particularly in case that there are a 
human body and other electronic devices around the digital circuit board IB. 

In this embodiment, the number of LSIs mounted on a board is ten, but it 
is a matter of course that the present invention does not care about the number of 
LSIs. It is a matter of course that it is not necessary to consider the value of P in the 
evaluation function in such a case which does not care about the power of an 
emission noise as a case that there are not a human body and other electronic devices 
around the circuit board. 
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The method of this embodiment is preferable particularly in case that a 
clock frequency is high. The reason is that in case that a clock frequency is higher, to 
adjust a clock signal in timing becomes more difficult and the power of a high- 
frequency component of an electromagnetic emission noise becomes stronger. 
5 In the first to fourth embodiments described above, a genetic algorithm 

has been used as a method for setting the initial set value of a register 5 and a method 
for changing a register value from the initial set value. In case that clock signal lines 
form a tree structure, however, an algorithm called a genetic programming can be 
used in place of a genetic algorithm. 

10 For more information about a genetic programming, refer to, for 

example, "Genetic Programming" written by J. Koza, published by MIT Press in 
1992. A genetic programming is obtained by adding a contrivance which makes it 
possible to handle a chromosome of a tree structure to a genetic algorithm. 

In a digital system and its adjusting method of a fifth embodiment of the 

15 present invention described next, an adjusting device 6 changes the value of a register 
5 according to such a genetic programming in a system configuration shown in 
Figure 33. Particularly, this embodiment is greatly characterized by mapping the tree 
structure of a clock circuit as it is to the structure of a chromosome of a genetic 
programming as a chromosome of the genetic programming. By doing so, it is 

20 possible to make unnecessary a circuit and the like for converting information of a 
chromosome into register values in the same way as the first embodiment. 

A digital system IT shown in Figure 33 performs a function similar to the 
digital system 1, but in this digital system IT a clock signal 9T is inputted into the 
digital system IT and it is branched in the shape of a tree structure and inputted into 

25 digital subsystems 1TS1 to 1TS6. In these digital subsystems, the clock signal is 
given to all flip-flops as a clock signal. Delay elements 4T1 to 4T5 are inserted in 
the respective branches of a clock circuit, and the respective delay values can be 
changed according to corresponding register values 5RT1 to 5RT5. The digital 
subsystems are connected to one another through data lines not illustrated. 
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Next, an adjusting method of the fifth embodiment of the present 
invention according to a genetic programming is described. This adjusting method 
follows the flowchart of Figure 13 in the same way as the first embodiment. And the 
processing procedure of a genetic programming is the same as the flowchart shown in 
5 Figure 16, but is different only in methods of representation and crossover of a 
chromosome. 

A tree structure shown in Figure 34 is used as a chromosome of a genetic 
programming. That is to say, a tree structure representing the connection state of a 
clock circuit shown in Figure 33 as it is used, and the respective bit strings of nodes 
10 CS1 to CS5 of a chromosome correspond to the values of the registers 5RT1 to 

5RT5. In Figure 34 it is assumed that the length of each register is three, but it is a 
matter of course that this adjusting method can be applied in case of an arbitrary 
number of bits. 

This embodiment uses, as an evaluation function F for individuals in the 
15 generic algorithm, a function representing how close a characteristic obtained by a 

digital signal observing device 9 is to an ideal characteristic, as a result of operating a 
digital system IT by using the register values represented by the chromosome of an 
individual. 

For use in the process shown in Figure 14, a plurality of individuals are 
20 generated in advance by using uniform random numbers as the initial population of a 
genetic programming in step SI of Figure 13. Namely, this case means that the value 
of each gene of each chromosome of the initial population takes a value of 1 at a 
probability of 0.5 and takes a value of 0 at a probability of 0.5. In case that there is 
some previous knowledge of the trend of non-uniformity in clock timing, however, 
25 individuals being considered to be higher in fitness can be generated as the initial 
population. 

Fitness is computed by the adjusting device 6 using the evaluation 
function on the basis of observation values sent from the digital signal observing 
device. After this, it is judged whether the digital system IT operates correctly in 
30 performance in step S23, and in case that the system performs an incorrect operation, 



-54- 



this method performs a selection process in step S24, a crossover process in step S5 
and a mutation process in step S27, and thereby generates a population of individuals 
of the next generation (a candidate population for solution). 

When it has been judged that the digital system IT correctly operates in 
5 step S23, this method performs an acceptable product process in step S9 and then 
ends the adjusting process, but in case that a chromosome (register values) correctly 
operating cannot be obtained even if an adjusting process is repeatedly performed for 
a certain number of generations, the digital system IT to be adjusted is judged as 
defective and the method performs a defective product process in step S8 of Figure 6. 

10 In the selection process of step S24, the flowchart of Figure 16 is used in 

the same way as in the first embodiment. 

In the crossover process of step S25, a method shown in an explanatory 
diagram of Figure 35 is used. This is an operation for replacing parts at random 
positions in the tree structure of a chromosome, and is an operation specific to a 

15 genetic programming. In Figure 35, symbols TR1 and TR2 are chromosomes of 
parents A and B which have survived as a result of selection, and in a crossover 
process in this case, these chromosomes are cut at crossover positions CP selected at 
random. And a child A' and a child B' respectively having chromosomes TR3 and 
TR4 are generated by replacing partial gene patterns obtained by the cutting, and the 

20 original individuals A and B are replaced with these. By using this method, it is 
possible to perform a crossover process without destroying partial information of a 
chromosome effective for adjustment. 

A mutation process of the step S26 performed following the crossover in 
step S25 is an operation of changing each bit of a gene of each chromosome from 0 

25 to 1 or from 1 to 0 at an occurrence probability of a mutation rate. Figure 36 shows 
an example of mutation. In this figure, mutation has occurred in genes enclosed by 
tetragons of a chromosome TR5 and they are changed respectively into alleles in a 
chromosome TR6. 

In a general genetic programming, genetic operations of inserting and 

30 removing a tree structure are also performed in addition to crossover and mutation. 
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Since those operations change the length of a chromosome, however, 
when using those operations it is not possible to convert information of a 
chromosome directly into register values and therefore those operations are not used 
in this embodiment. 

5 According to this embodiment, it is possible to effectively perform 

adjustment by means of said genetic programming when a clock circuit is of a tree 
structure. 

It is a matter of course that the present invention can be applied to any of 
the whole, a part and plural parts of a device using a digital system and does not 

10 depend on the scale of a digital system. 

A method of the present invention has hardly any hindrance even in case 
that the delay values of adjustable delay elements 4 are low in accuracy and are not 
guaranteed in monotonicity. Therefore, a delay element used in the present invention 
can be made in a smaller area on a semiconductor substrate than that of the prior art. 

15 The present invention has been described above with reference to the 

illustrated embodiments, but the present invention is not limited to the above- 
mentioned examples and includes other compositions into which persons in this field 
can easily modify and alter these embodiments within the scope as defined in the 
claims. 
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